Abstract
Dna2 and Rad27 (yeast Fen1) are the two endonucleases critical for Okazaki fragment processing during lagging strand DNA synthesis that have been shown to interact genetically and physically. In this study, we addressed the functional consequences of these interactions by examining whether purified Rad27 of Saccharomyces cerevisiae affects the enzymatic activity of Dna2 and vice versa. For this purpose, we constructed Rad27DA (catalytically-defective enzyme with an Asp to Ala substitution at amino acid 179) and found that it significantly stimulated the endonuclease activity of wild type Dna2, but failed to do so with Dna2Δ405N that lacks the N-terminal 405 amino acids. This was an unexpected finding since dna2Δ405N cells were still partially suppressed by overexpression of rad27DA in vivo. Further analyses revealed that Rad27 is a trans-auto stimulatory enzyme, providing an explanation why overexpression of Rad27, regardless of its catalytic activity, suppressed dna2 mutants as long as an endogenous wild type Rad27 is available. We found that the C-terminal 16 amino acid fragment of Rad27, a highly polybasic region due to the presence ofIntroduction DNA replication plays an important role in maintaining the integrity of genome due to its intrinsically accurate manner in duplicating DNA (1) (2) (3) . DNA repair and recombination can be regarded as backup systems that further ensure genome integrity by correcting errors introduced during or after DNA replication (4) (5) (6) (7) . Thus, the faithful maintenance of genetic information requires the cooperative action of many enzymes and protein factors involved in the major DNA transactions (7) .
In DNA replication, lagging strand DNA synthesis is more complex than leading strand since it requires discontinuous DNA synthesis and joining of short pieces of DNA called Okazaki fragments (8, 9) . In brief, polymerase (pol) α -primase synthesizes an initial RNA-DNA primer on the lagging strand template which is extended by pol δ to generate a new Okazaki fragment. Pol δ, while engaging in the extension, displaces the downstream Okazaki fragment and creates a 5'-flap structure (10, 11) that can be efficiently removed by the combined action of the two endonucleases, Dna2 and Rad27 in yeast. Yeast Dna2 possesses both endonuclease and helicase activities (10, 12) . The endonuclease activity of Dna2 is highly specific for singlestranded (ss) DNA but unable to completely remove the 5' ssDNA flap, leaving short flaps of ~6 nucleotides. Because of this limitation, an additional nuclease such as Fen1 is required to create ligatable nicks from 5' flap structures. Thus, Dna2 appears to be essential only when extensive strand displacement synthesis by pol δ results in the formation of flaps long enough to be bound by replication protein A (RPA) (13, 14) . RPA-bound long flaps are resistant to Fen1 cleavage but sensitive to Dna2-catalyzed cleavage. As a result, RPA-bound flaps are first cleaved by Dna2 and the shortened flaps are subsequently cleaved by Fen1 to create nicks (13) . Thus, RPA acts as a molecular switch for the sequential action of Dna2 and Fen1. In addition, secondary-structured flaps, which are poor substrates for Fen1, can be resolved by Dna2 helicase activity and then cleaved by the Dna2 endonuclease activity in a coupled manner (11) .
Fen1, due to its three distinct activities that include flap endonuclease, gap endonuclease, and exonuclease, participates in many DNA transactions (3, (15) (16) (17) (18) (19) (20) (21) (22) . It was reported that a double flap substrate (with a 5' flap of varying length and a 1-nt 3' flap) is an excellent Fen1 substrate and possibly the physiological substrate that is efficiently processed to a ligatable nick by Fen1 (23) (24) (25) . Recently, the crystal structure of flap-bound human Fen1 was determined, revealing why Fen1 efficiently cleaves such structures (26) .
Genetic and biochemical properties of Dna2 and Fen1 suggest that the joint action of these nucleases are critical for the efficient and seamless processing of Okazaki fragments by guest on http://www.jbc.org/
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Trans-auto stimulatory activity of Rad27/FEN1 during lagging strand DNA replication in eukaryotes (10, 13-15, 16, 27-30) . Dna2 was shown to physically interact with Rad27, and overexpression of Dna2 suppressed temperature-sensitive (ts) growth defects of rad27Δ (31) . In addition, overexpression of Rad27 suppressed growth defects observed with several dna2 mutants including dna2-1 (32) and dna2Δ405N lacking the N-terminal 405 amino acid region (11) . Yeast cells expressing the dna2Δ405N mutant allele devoid of the N-terminal 405 amino acid residues, displayed ts growth defects (being unable to grow at 37°C). Although the dna2Δ405N mutant allele confers this ts phenotype, the mutant enzyme (Dna2Δ405N) encoded by this allele contains endonuclease and ATPase activities comparable to those of wild type Dna2 (unpublished observations). Despite several reports that Fen1 and Dna2 interact, the significance of these findings is poorly understood. Recently, it was shown that Dna2 stimulated the activity of Fen1, most likely through specific protein-protein interactions (33) . RPA, which stimulates the Dna2-catalyzed cleavage of long flaps (13) , increased the Fen1-catalyzed cleavage of short flaps that do not bind RPA (33) . This indicates that interactions between the major proteins involved in Okazaki fragment processing are important for the efficient removal of flaps.
In this study, we found that Rad27 and Dna2 are mutually stimulatory in keeping with their ability to process the same flap structures. We found that Rad27 is a trans-auto stimulatory protein, and we were able to map the motif responsible for both trans-auto stimulation and increasing the activity of Dna2. The mutual stimulation observed between Rad27 and Dna2 and the trans-auto stimulation of Rad27 or human FEN1 (hFEN1) leads to the efficient processing of Okazaki fragments in eukaryotes.
Materials and Methods

Enzyme, nucleotide, and peptids
The oligonucleotides used in this study were commercially synthesized from Genotech (Daejeon, Korea), and their sequences are as listed in Table 1. [ɤ- 32 P] ATP (3,000 Ci/mmol) was purchased from Izotop (Budapest, Hungary). Restriction enzymes and T4 polynucleotide kinase were purchased from Enzynomics TM (Daejeon, Korea). Peptides, such as the C-terminal 16 amino acid fragment of Rad27 (Rad27 367-382 ) and its mutant derivatives, were commercially synthesized by Peptron (Daejeon, Korea).
Construction of expression vectors
The pET21a-Rad27 and pET21a-Rad27DA plasmids (Novagen) were constructed to produce Rad27 enzymes (Rad27-His6 or Rad27DA-His6, respectively) with a C-terminal tagged hexahistidine. In order to construct pET21a-Rad27, the open reading frame of RAD27 was first amplified using yeast genomic DNA as the template with the primer pair, 5'-CGC CAT ATG GGT ATT AAA GGT TTG-3' and 5'-CCG CTC GAG TCT TCT TCC CTT TGT GAC-3' (NdeI and XhoI sites are underlined, respectively). The amplified fragments were digested with NdeI and XhoI, and then cloned into pET21a cleaved with the same restriction enzymes, generating pET21a-Rad27-His6. The pET21a-Rad27DA plasmid was created using a sitedirected mutagenesis kit (Enzynomics TM , Daejeon, Korea) according to the procedure recommended by the manufacturer. The substitution of Asp with Ala at amino acid 179 in Rad27 was introduced by using a pair of mutagenic primers; 5'-GCC ACA CTC TGT TAT AGA AC-3' and 5'-CAT ATC TTC ACT TGC TGC GGC-3' (underlined at the mutagenic base). All truncated derivatives of Rad27 were cloned into pGEX4T-1, and the resulting expression vectors produced Rad27 as a N-terminal GST fusion protein as described previously (36) .
The pRS-series of plasmids were purchased from New England Biolabs. Expression vectors for Rad27-FLAG (Rad27 with a FLAG tag fused to its C-terminus) and its derivatives were constructed as follows; the open reading frame of RAD27 was first PCRamplified using yeast genomic DNA as the template with the following pair of primers; 5 '-ATA AGA ATG CGG CCG CAT GGG  TAT TAA AGG TTT GAA TGC-3' and 5'-CCG CTC GAG TCA CTT ATC GTC GTC  ATC CTT GTA ATC TCT TCT TCC CTT  TGT GAC TTT ATT C-3' (NotI and XhoI  sites 
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Trans-auto stimulatory activity of Rad27/FEN1 amplified fragment was then cloned into NotI and XhoI sites of pRS325-ADH1, generating pRS325-ADH1-Rad27-FLAG in which expression of Rad27-FLAG is under the control of an ADH1 promoter. The pRS325-ADH1-Rad27DA-FLAG, an expression vector for Rad27DA, was constructed by amplifying the open reading frame of Rad27DA from pET21a-Rad27DA and subsequently cloning into pRS325-ADH1.
Purification of enzymes
The pET21a-Rad27 and pET21a-Rad27DA plasmids were transformed into E. coli BL21 (DE3) CodonPlus-RIL (Stratagene), and expression of proteins was induced at A 600 = 0.5 by addition of isopropyl β -Dthiogalactopyranoside (IPTG) to a final concentration of 0.5 mM at 25°C for 4 hr. Cells were harvested and resuspended in lysis buffer (20 ml/g cells, wet weight) [25 mM Tris-HCl/pH 7.8, 150 mM NaCl, 10% glycerol, 0.01% Nonidet P-40 (NP-40), 10 mM imidazole, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.1 mM benzamidine, 2 µg/ml leupeptin, and 1 µg/ml pepstatin A] and then sonicated. Crude extracts were cleared by centrifugation at 18,000 rpm for 40 min using the Hanil A50S-8 rotor and the supernatant was loaded onto 1.5 ml of Ni 2+ -nitrilotriacetic acid column (Qiagen) at a flow rate of 0.14 ml/min, which was pre-equilibrated with >100-column volumes (CV) of lysis buffer by gravity.
After loading, beads were washed with 10 CV of lysis buffer, followed by successive washings with 40 CV of lysis buffer containing 20 mM and 50 mM imidazole. Bound proteins were eluted in 0.5 ml fractions with 250 mM imidazole in lysis buffer. Peak protein fractions were combined and loaded onto a Heparin-Sepharose Fast Flow column (0.5 ml; GE Healthcare) by gravity, which was pre-equilibrated with 20 CV of buffer C (25 mM Tris-HCl/pH 7.5, 10% glycerol, and 0.01% NP-40) containing 150 mM NaCl. Bound proteins were washed with 40 CV of buffer C containing 200 mM NaCl and eluted with buffer C plus 500 mM NaCl. Peak protein fractions were subjected to glycerol gradient sedimentation (15%-35%) containing 500 mM NaCl for 24 hr at 55,000 rpm. Fractions were collected and the protein concentrations were quantified by SDS-PAGE analysis, and the amount of protein was determined using BSA as standard (Bio-Rad).
Dna2, Dna2DA (nuclease-dead mutant), Dna2Δ405N (Dna2 lacking the Nterminal 405 amino acid residues), and Dna2 (1-405) (the N-terminal 405 amino acid fragment of Dna2) were purified as described previously (11, 48) . Derivatives of GSTRad27 cloned into pGEX-4T-1 vector (Amersharm) were transformed to E. coli BL21 (DE3) CodonPlus-RIL strain (Stratagene) and expression of proteins were induced at OD 600 = 0.5 by addition of 0.5 mM IPTG at 25°C for 4 hr. Cells from a 0.25-liter culture were collected by centrifugation, resuspended in 15 ml of buffer T 150 (50 mM Tris-HCl/pH 7.8, 150 mM NaCl, 10% glycerol, 0.01% NP-40, 1 mM PMSF, 0.1 mM benzamidine, 1.0 µg/ml leupeptin, and 1.0 µg/ml pepstatin A; the subscript indicates the concentration of NaCl, in mM) and sonicated. The extracts were centrifuged at 20,000 rpm for 30 min at 4°C and the cleared lysate was loaded onto a glutathione-agarose (GSH-agarose) colomn, pre-equilibrated with 50 CV of T 150 . The column was first washed with 5 CV of buffer T 1000 , followed by washing with 5 CV of buffer T 150 . Proteins were then eluted with T 150 buffer containing 20 mM of reduced GSH.
Preparation of substrates
All DNA substrates used in this study were prepared as previously reported (38) . Briefly, one of the two oligonucleotides in a partial duplex DNA substrate was 5'-labeled with [ɤ-32 P] ATP (3,000 Ci/mmol) and T4 polynucleotide kinase. The 5'-labeled downstream oligonucleotides were then annealed to upstream and template oligonucleotides at a molar ratio of 1:4:2, respectively. The annealing reaction was performed using a PCR machine (95°C, 5 min; 65°C, 30 min; -0.5°C/6 min). All substrates were gel-purified from 10% polyacrylamide gel electrophoresis (PAGE) prior to use.
Endonuclease assays
Standard endonuclease assays were performed in reaction mixtures (20 Reactions were incubated for 30 min at 37°C, followed by the addition of 4 µl of 6X stop solution (40% sucrose, 60 mM EDTA, 1.2% SDS, 0.05% bromphenol blue, and 0.05% xylene cyanol).
The cleavage products were separated on a 12% PAGE for 40 min at 150 V in 0.5X TBE (45 mM Tris base, 45 mM boric acid, and 1 mM EDTA). The gels were dried on a DEAE cellulose paper (DE81, Whatman) and autoradiographed. Labeled DNA products were quantified by using a Phosphor Imager (FLA-7000, Fujifilm).
Electrophoretic mobility shift assay
Reaction mixtures (20 µl) containing 50 mM Tris-HCl/pH 7.8, 60 mM NaCl, 2 mM DTT, 0.25 mg/ml BSA, 5% glycerol, 0.2 mM EDTA, and 15 fmol of DNA substrate and indicated amounts of proteins were preincubated on ice for 10 min, followed by an additional incubation for 10 min at 37°C. Reaction products were subjected to electrophoresis through pre-run 6% polyacrylamide gels (90 V) for 1 hr in 0.5X TBE at 4°C. Gels were dried and autoradiographed.
The amount of nucleoprotein complexes formed was quantified using Phosphor Imager.
Alkaline protein extraction from yeast cells
Expression levels of proteins in yeast were determined using the alkaline protein extraction as described previously (49) . The dan2Δ405N mutant cells harboring pRS325-ADH1-Rad27-FLAG (or other expression vectors for mutant derivatives of Rad27) were grown to saturation. Cells (1×10 8 , total) were harvested and resuspended in lysis buffer (200 µl; 1.85 M NaOH, 7.5% β -mercaptoethanol). The mixture was then incubated on ice for 10 min. TCA (20% v/v, 200 µl) was added and incubated on ice for an additional 10 min. Samples were then centrifuged at 4°C for 5 min at 14,000 rpm in an Eppendorf centrifuge. Supernatants were discarded, and 1X SDS sample buffer was added to the precipitated materials. The samples were vigorously vortexed after 30 min of incubation at 60°C, followed by boiling for 10 min. The samples were then subjected to electrophoresis in a 10% SDS-PAGE gel. Gels were Coomassie-stained and analyzed by western blotting as described previously (49) .
Results
Rad27 stimulates the endonuclease activity of Dna2
Direct physical interactions between Rad27 and Dna2 could lead to an increase in the enzymatic activities of one of the enzymes. Since Dna2 and Rad27 act on the same substrate, we prepared and isolated a nucleasedeficient Rad27 mutant enzyme (Rad27DA) by changing Asp to Ala at amino acid position 179 as well as wild type Rad27 and Dna2 (Fig.  1A) . Consistent with previous reports (34, 35) , the purified Rad27DA mutant enzyme displayed considerably less activity with 5' flap substrate than the wild type enzyme. Rad27DA (5 fmol) alone gave rise to low but detectable levels of cleavage products ( [15] [16] [17] [18] [19] [20] . In the absence of Rad27DA, Dna2 (0.05 fmol) alone generated low levels (up to 0.5 fmol) of cleavage products (Fig. 1B, lanes 9-14) . These results showed that Rad27DA stimulates the endonuclease activity of Dna2 (Fig. 1C) .
We also determined the optimal conditions required for the stimulation of Dna2 endonuclease activity by Rad27. Rad27DA maximally stimulated Dna2 in the presence of 2 to 4 mM Mg 2+ and 60 mM NaCl (data not shown). Further increase of Mg 2+ (>10 mM) and NaCl (>100 mM) inhibited both the endonuclease activity of Dna2 and the extent of stimulation by Rad27DA. Moreover, Rad27DA efficiently stimulated the cleavage of flaps longer than 15-nt by Dna2 without altering its inability to cleave 5-nt flaps (data not shown). In contrast to the endonuclease activity, the helicase activity of Dna2 was unaffected by Rad27DA (data not shown). ATP addition did not alter the Rad27DA-mediated stimulation of Dna2 (data not shown). Thus, we conclude that Rad27 stimulated only the endonuclease activity of Dna2 without affecting its helicase activity.
A small C-terminal fragment of Rad27 is sufficient to stimulate Dna2 endonuclease activity Our finding that Rad27 stimulated the endonuclease activity of Dna2 prompted us to define the region in Rad27 responsible for this effect. For this purpose, we used the Nterminally GST-tagged Rad27 derivatives (GST-Rad27 x-y ; where x and y indicate the amino acid residue in Rad27) that were used previously (36) . We focused on the poorly conserved C-terminal region of Rad27 which is known to interact with many other proteins (36) (37) (38) (39) (40) .
As shown in Fig. 2 , none of the GSTRad27 x-y derivatives including GST-Rad27 (the full-length GST-Rad27, hereafter GSTRad27) displayed flap endonuclease activity ( Fig. 2) , indicating that these preparations were devoid of contaminating nucleases.
In the presence of different levels of GST-Rad27 and its truncated derivatives (25, 50 , and 100 fmol), we found that GST-Rad27 (Fig. 2 , compare lanes 7 with 8-10 and lanes 27 with 28-30), GST-Rad27 261-382 (lanes 11-13), GST-Rad27 318-382 (lanes [17] [18] [19] , and GSTRad27 351-382 (lanes 37-39) markedly stimulated Dna2 endonuclease activity (>10 fold). In contrast, GST-Rad27 261-317 (lanes 14-16), GSTRad27 318-350 (lanes 31-33), and GST-Rad27 335-366 (lanes 34-36) failed to do so. These findings indicate that the C-terminal 32-amino acid fragment of Rad27 (GST-Rad27 351-382 ) stimulates Dna2 endonuclease activity.
Overexpression of Rad27DA partially suppressed the temperature-sensitive growth defects of dna2Δ405N strain
Since overexpression of RAD27 suppressed the ts growth defects of the dna2Δ405N mutant allele, we expected that Rad27 would stimulate the endonuclease activity of Dna2Δ405N enzyme. However, neither Rad27DA nor GST-Rad27 stimulated this activity in vitro (Fig. 3A, lanes 14-16 and  17-19, respectively) , suggesting that the Nterminal 405 amino acid domain of Dna2 is required for the stimulation. However, this result raised the possibility that the stimulation of Dna2Δ405N enzymatic activity by overexpression of Rad27 is not involved in the suppression of dna2Δ405N mutant cells. It suggested that the suppression could be due to an increase in the enzymatic activity of wild type Rad27.
Interestingly, catalytically-defective Rad27DA and catalytically-dead GST-Rad27 partially suppressed the ts growth defects of dna2Δ405N when they were overexpressed under the control of an ADH1 promoter (Fig.  3B ). As expected, overexpression of GST alone did not rescue the growth defects of dna2Δ405N cells. The difference in suppression of the dna2Δ405N mutation was not due to alteration in protein expression levels in vivo, as shown in Fig. 3C . These results suggested the following possibilities; the residual endonuclease activity of Rad27DA, even when overexpressed, is not responsible for suppression of the growth defects of dna2Δ405N. Rather, there could be yet an unknown pathway that depends on high levels of Rad27 protein. It is worthwhile to mention that unlike the dna2Δ405N strain, the Dna2 helicase mutation (dna2K1080E) was not suppressed by overexpression of rad27DA, indicating that defects in the helicase activity are not rescued by excess levels of Rad27DA (data not shown).
Rad27 is a trans-auto stimulatory protein
In light of the above finding, we investigated whether the expression of Rad27, regardless of its catalytic activity, stimulated the endonuclease activity of endogenous Rad27 present in dna2Δ405N cells to overcome the ts growth defects. We examined this notion by carrying out in vitro experiments with full-length GST-Rad27 which has negligible nuclease activity. In the presence of a double-flap substrate containing a 27-nt 5' and a 1-nt 3' flap, the addition of GST-Rad27 (25 fmol) or wild type Rad27 (0.02 fmol) did not lead to the formation (<0.6 fmol following a 1-hr incubation) of cleavage products (Fig. 4A, lanes 3-8 and 9-14 , respectively). In the presence of both proteins, a dramatic increase in substrate cleavage was observed (Fig. 4A, lanes 15-20) . This observation is consistent with the notion that overexpression of the catalytically-deficient GST-Rad27 or Rad27DA suppressed dna2Δ405N growth defects by stimulating the endogenous wild type Rad27 in vivo.
To further substantiate this notion, we constructed a mutant Rad27 (Rad27DAK6E6) that was defective in both the catalytic and Rad27-stimulatory activities by combining the two separate mutations, Rad27DA and Rad27K6E6 (see below and Fig. 7 ). We found that the overexpression of rad27DAK6E6 mutant allele failed to suppress the ts growth defects of the dna2Δ405N (Fig. 4B) , although the expression level of the Rad27DAK6E6 protein was significantly higher than that of Rad27DA (Fig. 4C) . These results strongly support our suggestion that the stimulation of endogenous Rad27 nuclease activity is responsible for the observed suppression. The possibility that overexpression of Rad27DA or GST-Rad27 stimulates endonuclease activity of Dna2Δ405N in vivo indirectly through a mediator protein, however, cannot be ruled out.
Substrate binding and stimulation of Dna2
and Rad27 depend on the same region of Rad27.
Prior to mapping of regions in Rad27 responsible for the stimulation of Rad27, we first examined the influence of GST-Rad27 on substrates containing varying 5' flap-lengths (1, 13, 27, and 54 nt). In order to avoid formation of secondary structures in the flap, all flaps were prepared using oligo (dT). The trans-auto stimulatory effect was observed with all substrates tested, and the extent of stimulation was unaffected by the length of 5' flaps. As shown in Fig. 5A , increasing levels (5, 10, and 20 fmol) of GST-Rad27 stimulated the activity of wild type Rad27 by 6 to 10 fold. Experiments with truncated forms of Rad27 revealed that the GST-Rad27 351-382 was the smallest fragment that stimulated Rad27 (Fig.  5B) . We found that GST-Rad27 markedly increased (>10 fold) the endonuclease activity of Rad27 (Fig. 5B, compare lanes 2 with 3-4) . Similar to results obtained with Dna2, GSTRad27 261-382 (Fig. 5B, lanes 5-6) , GSTRad27 318-382 (lanes 9-10), and GST-Rad27 351-382 (lanes 15-16) stimulated the endonuclease activity of Rad27, while GST-Rad27 261-317 (lanes 7-8), GST-Rad27 318-350 (lanes 11-12) , and Rad27 335-366 (lanes [13] [14] failed to do so. These findings indicate that the same Cterminal 32 amino acid region of Rad27 enhances the endonuclease activity of both Dna2 and Rad27.
We also analyzed the DNA binding activity of GST-Rad27 fragments using electrophoretic mobility shift assays, and found that only those fragments that stimulated both Dna2 and Rad27 formed nucleoprotein complexes (Fig. 5C ). This result, together with the above, confirms that all three activities (substrate binding, Rad27 and Dna2 stimulation) reside within the C-terminal 32 amino acid fragment of Rad27 (see Fig. 5D for summary).
Rad27 367-382 peptide stimulates both Dna2 and Rad27 and mutations within this region abolish stimulatory affect
We found that boiled (10 min at 100°C) Rad27DA and GST-Rad27 preparation retained their ability to stimulate the endonuclease activities of Dna2 and Rad27 (data not shown). As shown in Fig. 5D , the shortest Rad27 fragment that possessed all three activities described above was the Cterminal 16 amino acid (Rad27 367-382 ) derivative. This notion was verified with the synthetic peptide containing only the Cterminal 16 amino acid sequence. The synthetic peptide was highly soluble due to the presence of eight positively charged amino acid residues (Lys and Arg) that may be critical for DNA binding. We also prepared a number of mutant derivations of the peptide in which lysine and arginine residues were replaced with glutamic acid. These mutated peptides were used to examine the role of positively charged residues.
The wild type peptide (10 and 50 pmol) stimulated the endonuclease activity of Dna2 by guest on http://www.jbc.org/
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Trans-auto stimulatory activity of Rad27/FEN1 (Fig. 6A, lanes 3-4) and Rad27 (Fig. 6B, lanes  3-4) . However, changes of lysine or arginine residues, singly or in combination, to glutamic acid markedly reduced the stimulation of the endonuclease activity of Dna2 or Rad27 (Fig.  6A and 6B, lanes 5-16) . The peptides alone did not give rise to any detectable product (Fig. 6A  and 6B lanes 17-23) . The wild type Rad27 367-382 peptide still stimulated Dna2 and Rad27 following boiling for 10 min (data not shown). We also prepared full-length GST-Rad27 proteins containing the identical amino acid substitutions that affected the stimulatory activity of the peptides. In contrast to the dramatic effects observed with peptides, the single or double mutated GST-Rad27 derivatives still stimulated the Dna2 and Rad27 activities (data not shown). However, when all six lysine residues (K 368, 369, 372, 374, 376, 379 ) were changed to glutamic acid, the GSTRad27K6E6 mutant protein failed to stimulate Dna2 (Fig. 7A, lanes 10-12) and Rad27 (Fig.  7B, 10-12) . Moreover, Rad27DAK6E6, the double mutant protein, failed to stimulate both Dna2 and Rad27 (Fig. 7A and B, lanes from 13  to 15 ). Collectively, these results indicate that Rad27 367-382 stimulates the endonuclease activities of Dna2 and Rad27 and the positively charged residues within this region are critical for these effects. When we compared the C-terminal 16 amino acid region of Fen1 enzymes from a number of eukaryotes, we found that the percentage of lysine and arginine residues in this region exceeded 50% ( Table 2 ).
The C-terminal region of both yeast and human Fen1 is essential for auto-stimulation
Although Fen1 is highly conserved in eukaryotes, the C-terminal regions of the yeast Rad27 and hFEN1 are less conserved compared to other regions of the enzyme. According to three-dimensional structure of hFEN1-substrate complex (26), the C-terminal region (amino acids from 336 to 380) appears to contain a naturally unstructured extension that may participate in substrate binding, nuclear localization, and protein-protein interactions (22, 37, (40) (41) (42) . Recently, we showed that human RFC stimulated the endonuclease activity of wild type hFEN1 and this activation depends on the C-terminal region of hFEN1 (38) . To confirm the importance of the C-terminus of Rad27 and hFEN1 for auto-stimulation, we constructed expression vectors for three C-terminally truncated versions of Rad27 which included Rad27 1-366 , Rad27 , and Rad27 1-338 (16-, 32-, and 44-amino acid deletion, respectively, from the C-terminus) and purified each mutant protein as well as the wild type. We found that all three Rad27 deletion mutant proteins retained 10-20% of the endonuclease activity of the wild type protein (Fig. 8A and B) . The 16-amino acid deleted Rad27 1-366 mutant was approximately twice as active as the other two mutant enzymes that contained longer deletions (Fig. 8A , compare lanes 7-11 with 12-21; Fig. 8B ). While the wild type Rad27 was dramatically stimulated by the catalytically-inactive GST-Rad27, Rad27 1-338 lacking the C-terminal 44 amino acids was hardly stimulated (Fig. 8C , compare lanes 4-8 and 10-14; Fig. 8D ). GST-Rad27 also failed to stimulate the enzymatic activities of Rad27 and Rad27 1-366 prepared (data not shown). When the same experiment was repeated with the hFEN1 and its derivatives, we found that the C-terminal region of hFEN1 is also critical for auto-stimulation (Fig 8E, compare 4-8 and  10-14; Fig. 8F) . Thus, the C-terminal regions of both yeast and human Fen1 are functionally conserved and essential for the trans-auto stimulatory effects.
Discussion
In this study, we examined the genetic and physical interactions between Dna2 and Rad27 and showed that Rad27 stimulated the endonuclease activity of Dna2 and that Rad27 is a trans-auto stimulatory enzyme using two catalytically defective Rad27 proteins. These findings provide an explanation for the mechanism by which the overexpression of Rad27 suppresses the Dna2 defects. In addition, we found that the C-terminal 16 amino acid fragment of Rad27 (Rad27 367-382 ) is minimally required for the stimulation of Dna2 and Fen1 activities as well as the binding of these proteins to their substrates. We conclude that the dramatic increase of cleavage products formed when wild type and catalytically-dead Rad27 enzymes were combined (Fig. 4) is due to the direct stimulation of the nuclease activity of the wild type Rad27 by GST-Rad27 or Rad27DA and not caused by the activation of a cryptic or dormant nuclease activity of mutant enzymes. This conclusion is based on the following; first, it is hard to envisage that the small increase (<0.5% in total enzyme) of wild type Rad27 resulted in the dramatic activation of inactive enzymes. Second, the marked increase in the level of cleavage product was not dependent on presence of a protein or peptide containing the catalytic site. The finding that Rad27 can stimulate its endonuclease activity was surprising because both Rad27DA and GST-Rad27 mutant enzymes retained the DNA substrate binding activity observed with the wild type protein (data not shown). Their binding to the same substrate could lead to an inhibition of the endonuclease activity of the wild type Rad27. In accord with this, the addition of excess levels (>200 fmol) of Rad27DA inhibited the nuclease activity of Dna2 and Rad27 (data not shown).
We suggest that the Fen1 proteins are truly trans-auto stimulatory since they do not require any prior modifications unlike some protein kinases or phosphatases. To date, only a few examples of self-stimulatory enzymes have been reported. One example is the selfstimulatory GTPase-activating activity of RhoC, Cdc42Hs, and Rac2, the Rho family GTPases (43, 44) . The rate of GTP hydrolysis by RhoC was increased significantly by increasing levels of GTP-bound RhoC, whereas RhoA and RhoB, despite their high sequence homology with RhoC, have a slow constant rate of GTP hydrolysis in a doseindependent manner (44) .
Sequence alignment revealed that Cterminal polybasic sequence and one specific arginine residue known as "arginine fingers" present in GTPase activating proteins (GAPs) of Ras and Rho were required for their selfstimulatory GTPase-activating activity (45) . This feature is shared by yeast Rad27 and hFEN1. The short C-terminal polybasic region of Rad27, which is sufficient and necessary to stimulate both Rad27 and Dna2, contains arginine residues, similar to that present in the self-stimulatory GAPs. However, our experiments with mutant peptides indicated that the polybasic residues collectively contributed to the homophilic stimulation (or trans-auto stimulation) of Rad27 and the heterophilic stimulation of Dna2, obscuring the importance of individual lysine and arginine residues in the stimulation. The homophilic or heterophilic interaction between these two functional elements and Rad27/Dna2 may result in conformational changes that activate the enzymatic activities. Our finding that GST-Rad27 stimulated Dna2 or Rad27 more efficiently (~2 fold) than Rad27DA is also in keeping with the critical role of the C-terminal region of Fen1 in homoor heterophilic stimulation. GST-Rad27 that contained the native C-terminal region could be more efficient in the stimulation than Rad27DA that contained an altered C-terminus by a hexahistidine tag. It appears that the high content (~50%) of basic amino acid residues in the C-terminal 16 amino acid fragment of Fen1 (c.f., ~16% in the whole Fen1 protein, Table 2 ) is responsible for the trans-auto stimulatory activity of all eukaryotic Fen1. We found that the highly polybasic nature, not the amino acid sequence per se, is well conserved in the C-terminal region of Fen1 enzymes from lower to higher eukaryotes. At present, how the short polybasic region found in the Cterminus of Rad27 contributes to DNA binding and homophilic or heterophilic stimulation of nucleases is unknown. To further understand the molecular events underlying this effect will require additional structure information of the Rad27-polybasic sequence. We believe that the trans-auto stimulation of Rad27 contributes importantly to the processing of Okazaki fragments or other related transactions. This also provides a rational mechanism by which overexpression of rad27DA suppressed the ts growth defects of dna2Δ405N strain despite its inability to stimulate the Dna2∆405N enzyme in vitro. Like Rad27DA, overexpression of the N-terminally GST-tagged Rad27 (GST-Rad27) suppressed the growth defects of dna2Δ405N mutant allele.
We believe that the residual enzymatic activity of Rad27DA, upon overexpression, is not sufficient to suppress the phenotype of dna2Δ405N in vivo. First, the phenotype of cells overexpressing rad27DA was shown to be similar to that of rad27Δ; when the wild type RAD27 allele was replaced with rad27DA, the resulting mutant cells following its overexpression displayed ts growth defects like rad27Δ (data not shown). Second, neither by guest on http://www.jbc.org/
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Trans-auto stimulatory activity of Rad27/FEN1 low-copy nor multi-copy expression of rad27DA rescued the ts growth defects of rad27Δ (data not shown), indicating that Rad27DA is not functional in vivo. Our findings that Rad27DAK6E6, which is catalytically inactive and incapable of stimulating the endonuclease activity of Rad27, failed to suppress the growth defects of dna2Δ405N cells indicate that the suppression of the dna2Δ405N mutant allele by overexpression of Rad27 or its mutant derivatives is due to its trans-auto stimulatory activity and this effect requires an endogenous wild type Rad27 in dna2Δ405N cells.
The stimulation of Dna2 by Rad27 and Rad27 trans-auto stimulation may reflect another important means that cells use to preserve their genome integrity during evolution. If flaps grow longer in vivo, Dna2 activity is required prior to the action of Rad27. In this situation, interactions between the two inter-dependent enzymes would be beneficial. For example, Rad27 functions to actively dissociate Dna2 from flap structures after cleavage of long flaps during Okazaki fragment processing (46, 47) . Furthermore, the Rad27-mediated stimulation of Dna2 allows Dna2 to process the long-flaps efficiently and the subsequent action of Rad27 is facilitated by trans-auto stimulation (this study), as well as by Dna2-, RPA-or Pif1-mediated stimulation (33) , to create ligatable nicks.
Recently, it was shown that Dna2 stimulated the flap endonuclease activity of Fen1 (33) . We also confirmed this in our study.
In addition, we found that only the N-terminal 405 amino acid fragment of Dna2 was sufficient to stimulate Rad27. However, we noted that Dna2Δ405N lacking the N-terminal 405 amino acids also stimulated the Rad27 endonuclease activity (data not shown). Both fragments (Dna2-405N and Dna2∆405N) of Dna2 stimulated Rad27 in an additive manner, indicating that there are at least two domains in Dna2 to enhance the Rad27 activity. We also attempted to determine if stable complexes could be formed following incubation of mixtures of differentially-tagged Fen1 proteins. However, we were not able to detect a complex containing two different tags in our experiments, indicating that Fen1 does not form a stable homodimer under the conditions used in our experiments (data not shown).
It appears that Rad27-mediated stimulation of Dna2 is not conserved among eukaryotes, since hFEN1 does not stimulate human Dna2 (data not shown). This may be due to the fact that human Dna2 lacks the Nterminal region that corresponds to yeast Dna2 and the C-terminal region of hFEN1 differs substantially from that of the yeast Rad27. Thus, multiple interactions including the transauto stimulatory activity of Rad27 between processing enzymes could increase the efficiency, which allows ligatable nicks to be generated more rapidly, thus contributing importantly to the preservation of an intact genome. Table 1 . The asterisk in the substrate indicates the position of 32 P-label. Aliquots (20 µl) were withdrawn from each set at times indicated after initiation of reaction and reactions were terminated by adding 4 µl of 6X stop solution (40% sucrose, 60 mM EDTA, 1.2% SDS, 0.05% bromphenol blue, and 0.05% xylene cyanol). Reaction products formed by each enzyme (open arrowhead, those produced by Rad27; closed, by Dna2) were separated on 12% PAGE in 0.5X TBE for 40 min at 150 V, and the amount of substrate cleaved quantified as described in "Materials and Methods" and shown at the bottom of the figure. Lane 1 (∆), boiled substrate; lane 2, no enzyme control. C, the amount of products formed by Dna2 in B was plotted against the time of incubation. Error bars obtained from three independent experiments are indicated. FIGURE 2. The C-terminal 32 amino acid domain of Rad27 is sufficient to stimulate endonuclease activity of Dna2. In order to locate the region responsible for the stimulation of Dna2, a number of the N-terminally GST-tagged Rad27 derivatives (GST-Rad27 x-y ; the number in subscript indicates positions of amino acid residues in Rad27 derivatives) were prepared. Standard reaction mixtures (20 µl each) containing Dna2 (0.05 fmol) and 15 fmol of the 5' 35-nt flap substrate (see Fig.1 ) were assembled, and incubated at 37°C for 30 min in the presence of increasing concentrations (25, 50 , and 100 fmol) of GST-Rad27 x-y derivatives. Reaction products were analyzed as described in Fig. 1, and 3. Overexpression of catalytically dead Rad27 mutant proteins suppresses the temperature-sensitive growth defects of dna2Δ405N strain. A, standard endonuclease assays of Dna2 were performed as described in "Materials and Methods" in the presence of varying amounts (5, 20 , and 50 fmol) of Rad27DA (lanes 6-8 and 14-16) and GST-Rad27 (lanes 9-11 and 17-19) with Dna2 (0.05 fmol; lanes 5-12) or Dna2Δ405N (0.05 fmol; lanes [13] [14] [15] [16] [17] [18] [19] [20] . B, overexpression of Rad27 mutant proteins under control of the ADH1 promoter in dna2Δ405N strain suppressed the ts growth defects. The dna2Δ405N cells were transformed with pRS325-ADH1 (vector only) or pRS325-AHD1-derived plasmids overexpressing Rad27-FLAG (Rad27, positive control), Rad27DA-FLAG (Rad27DA, catalytically-defective), GST-Rad27-FLAG (GST-Rad27, catalytically-dead), and GST-FLAG (GST, GST only control). The resulting transformants were grown in plates and a well-isolated single colony was inoculated into liquid media, and cells grown were spotted in serial 10-fold dilutions (10 5 , 10 4 , 10 3 , 10 2 , and 10 1 cells) onto SD-L plates, followed by incubation for 5 days at the indicated temperature. C, expression levels of Rad27 proteins in each transformant used in B were examined by western blot using anti-FLAG monoclonal antibodies (α-FLAG). Total proteins (alkaline extraction method) were prepared as described in "Materials and Methods." As loading controls, the level of histone 3 is shown with anti-H3 monoclonal antibodies for the same blot. Table 1 . The asterisk in the substrate indicates the position of 32 P-label. The amount of cleavage products formed by Rad27 (0.02 fmol) was determined after incubation at 37°C for increasing time periods (5 to 100 min) in the presence (+) and absence (-) of catalytically-dead GST-Rad27 (25 fmol). Aliquots (20 µl) were withdrawn from each set at times indicated and the products analyzed as described in "Materials and Methods." The amount of substrate cleaved is indicated at the bottom of the figure. Lane 1 (∆), boiled substrate; lane 2, no enzyme control. B, suppression of dna2Δ405N-associated growth defects requires the trans-auto stimulatory activity of Rad27. The dna2Δ405N mutant cells were transformed with pRS325-ADH1 (Vector only) or pRS325-AHD1-derived plasmids overexpressing Rad27-FLAG (Rad27, positive control), Rad27DA-FLAG (Rad27DA, catalytically-defective) and Rad27DAK6E6-FLAG (Rad27DAK6E6, defective in both catalytic and trans-auto stimulatory activities). C, levels of Rad27 proteins were determined by western blot using anti-FLAG (α-FLAG) monoclonal antibodies. α-H3, anti-histone3 monoclonal antibodies to show the level of histone 3 as loading controls. Table 1 . The asterisk in the substrate indicates the position of 32 P-label. B, GST-Rad27 351-382 is sufficient to stimulate Rad27 endonuclease activity. The amount of cleavage products produced by Rad27 (0.04 fmol) was measured in the presence of increasing amounts (10 and 20 fmol) of GSTRad27 x-y derivatives. C, electrophoretic mobility shift assays (EMSA) were performed as described in "Materials and Methods." The standard double-flap substrate (15 fmol) of Rad27 was first preincubated with increasing amounts (0.2 and 1 pmol) of GST-Rad27 x-y at 4°C for 10 min, followed by an additional 10-min incubation at 37°C. In lanes 3 and 4, the C-terminally hexahistidine-tagged wild type Rad27 (wtRad27 ) was used. For all other lanes, N-terminally GST tagged Rad27 derivatives were used. Lane 1 (∆), boiled substrate; lane 2, no enzyme control. After incubation, samples were loaded onto a pre-run 6% polyacrylamide gel at 4°C, and the nucleoprotein complexes formed were analyzed by autoradiography. The amount of substrate left was measured and the values are presented at the bottom of the gel. D, the ability of GST-Rad27 x-y derivatives to bind standard flap substrate and to stimulate enzymatic activities of Rad27 and Dna2 is summarized. Positions of amino acids critical for stimulation of Dna2 and Rad27 are shown. ) to evaluate their relative endonuclease activities. B, the amount of substrate cleaved was plotted against the amount of Rad27 enzyme used. C, standard endonuclease assays of Rad27 were carried out in the presence of wild type Rad27 and Rad27 (lacking the Cterminal 42 amino acid residues) with increasing amounts (1, 5, 10, and 20 fmol) of GST-Rad27. D, the amount of the product formed by wild type Rad27 and Rad27 1-338 was plotted against the amount of GST-Rada27 used. E, wild type hFEN1 and hFEN1 were tested for their trans-auto stimulation by GST-hFEN1. F, the level of product formed in the reaction E was plotted against the amount of GST-hFEN1 used. 18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1   100  60  30  15  5  0  100  60  30  15  5  0  100  60  30  15  5  0  100   +  +  +  +  +  +  ------+  +  +  +  +  +  --+  +  +  +  +  +  +  +  +  +  +  +  ------ ---------------------10  5  2.5  1  0.1   ---------------------10 +  +  +  +  +  +  ---------------+  +  +  +  +  +  ---wt Rad27 Rad27 GST-Rad27 +  +  +  ---------------+  +  +  +  +  +  --- 
